The kinetics of the photopolymerization of vinyl acetate in ethyl acetate and n-hexane solutions were investigated with a view to studying the effect of environment on the course of the reaction. The ethyl acetate solutions allow the polymer to remain extended so that the course of the reaction is similar to that of the pure monomer. With n-hexane, precipitation of the polymer takes place with the result that a considerable 'gel' effect is observed. The reaction rate in both cases is proportional to the monomer concentration and to the square root of the light intensity. In ethyl acetate solutions the activation energy is 4'42 kcal./g.mol., which is virtually the same as for the bulk reaction, while in normal hexane the value found is -1-30 kcal./g.mol. Reasons for this have been suggested.
I n t r o d u c t io n
The introduction of solvents into polymerization processes leads to a number of effects which depend, to a large extent, on the nature of the solvent used. The range of solvents which can be used in photochemical reactions is naturally limited to those whose ultra-violet absorption is considerably different from that of the compound under investigation.
The effect which is of most interest here is the effect of the solvent on the course of the polymerization reaction. The case of the catalysed polymerization of methyl methacrylate in a variety of solvents has been fully examined (Norrish & Smith 1942) . I t is found that after a definite amount of conversion the rate of polymeriza tion increases sharply, even although special care is taken to ensure isothermal conditions. This effect occurs at an earlier stage and to a greater extent, the poorer the solvent is with respect to the polymer, giving a maximum effect in the case of precipitants. The cause of this increase in rate is the main interest in this paper. The following suggestions have already been made without the necessary proof. The increase in the rate of reaction may be due to (a) increase in the rate of initiation, (6) increase in the rate of propagation, (c) decrease in the rate of termination. The first idea is easily discounted in view of the fact that the increase in fate is accom panied by an increase in the molecular weight of the polymer formed, which is obviously contrary to the fact that there is an increase in the rate of starting the chains. (The increase in the rate has been termed the £ explosive-like ' stage of the reaction by Schulz & Blaschke (1941) , but we consider that this term is misleading, since the reaction does not involve the branching of chains, so that throughout the phenomenon will be referred to as the 'gel effect' since its appearance is bound up with the increasing viscosity of a solution, or the actual formation of a gel.) I t is also very difficult to explain satisfactorily how an increase in the rate of the propagation step may take place. The decrease in the rate of termination may be readily accounted for, in the case of pure monomer, by the increase in the viscosity, putting a great enough restriction on the motion on the growing molecules to prevent the active ends from making contact and so preventing chain breaking. This would account for the increase both in the rate and the degree of polymerization. With solutions the phenomenon appears to depend on the coiling of the macromolecule in poor solvents, again preventing the contact of the active ends to terminate the growth of the chain. From this theory it is obvious that the rate and degree of polymerization will not increase if termination occurs by the anomalous addition of a monomer molecule. The photopolymerization of vinyl acetate in two solvents-ethyl acetate and w-hexane-has been studied with a view to clarifying the position.
The second effect, which is probably not of very great importance here, is that of transfer, whereby the reaction of a growing polymer molecule with a solvent molecule results in the production of a dead polymer and a solvent fragment which is capable of initiating a fresh chain. This may be shown by the following reaction sequence:
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Mi s a monomer and X Sa solvent molecule, P molecule containing n monomeric units and Mn is the corresponding dead polymer. For chain transfer to occur without a decrease in the velocity of polymerization reactions I l i a and I I I 6 will be fast compared to IV. If this is not the case then the velocity of reaction will fall, and in the extreme case where IV is very much faster than III 6 the solvent will act as a retarder. In any of these cases the degree of polymerization will fall.
For free radical mechanisms it is obvious that the easier the formation of free radicals by the solvent the more likely is transfer to occur. This question has been investigated by Mayo (1943) on the basis of results by Suess, Pilch & Rudorfer (1937) and Schulz & Husemann, (1939) . E x p e r im e n t a l The w-hexane used was of spectroscopic purity. Ethyl acetate was purified by fractional distillation, and the fraction boiling, under atmospheric pressure, at 77 to 7 8°C was retained. The taps of the vacuum apparatus were greased with silicone, thickened with talc, in the case of hexane. Both the solvents and the monomer were thoroughly freed from air by freezing in liquid air and evacuating, as was described in an earlier paper. The experiments were carried out under vacuum in sealed tubes.
The monomer which was thoroughly outgassed was distilled under high vacuum into a graduated tube from which a known volume could be distilled to the reaction tube. The solvent was then distilled in to make a known volume of solution. The reaction was followed dilatometrically using a cathetometer to measure the fall in the level of the meniscus. E t h y l a c e t a t e s o l u t io n s Solutions of the monomer in ethyl acetate were made up, as has been described, having concentrations from 1*5 to 4*5 g.mol./l. of vinyl acetate. Irradiation of the solution with ultra-violet light produced a ready polymerization: the course of the reaction is shown in figure 1 . I t will be seen that, as in the case of the bulk photo polymerization, the rate of reaction is initially constant. After some time the rate begins to fall off as might be expected as the monomer is used up. I t will be noticed also that there is no sign of the inception of the gel stage in the polymerization, so that in this case it may be readily assumed that the macromolecule remains extended in solution, thus placing no very great restriction on the motion of the active ends of the polymer molecules. The steady state concentration of the active molecules must also be very rapidly established and the life time of the active species short, since the reaction ceases immediately on the removal of the source of radiation. Melville & Gee (1944) have shown that in reactions in which the termination is due to the interaction of two of the growing polymer molecules, the rate of polymeri zation is proportional to the square root of the light intensity and also to the first power of the monomer concentration. Since the former may also depend on the monomer concentration to some extent, the order of the reaction with respect to the monomer may lie between 1 and 1*5. To check this a variety of solutions were used and the rates of the initial polymerization measured, the results being set out in table 1. From these figures it is evident that the rate of polymerization is pro portional to the first power of the monomer concentration. This fact supports the assumption which was tacitly made in the calculation of the kinetic coefficients of the bulk reaction, and which was reported in a previous communication.
The intensity of the radiation was varied by means of perforated metal screens the transmission of which was known and the rate of polymerization was determined, using, in all cases, solutions containing l*5 g.mol. of vinyl acetate per litre. The results which are tabulated in table 2 gave a value of 0-51 as a mean for the intensity exponent. Thus the termination process is the same as before, i.e. by the interaction of two of the active polymer molecules.
Velocity coefficients for polymerization processes. I l l time (min.) Earlier it was mentioned that in solution there is the possibility of transfer. Even if this does occur it will not invalidate our conclusions as the following analysis shows. The sequence of reactions will be:
The stationary state equations will bê
and, in general,
m -h«(Pn) w -krn(p") (xs) -t^p ,) zkmt(ps) = o,
and also the equation which will govern the concentration of the free radicals formed from the solvent in the transfer reaction will be
= (XS) Xku(PB) -t y M ) ( 8 -) -k , ( S -) * = 0.
Now if transfer is to occur readily then it is obvious that reaction III 6 is to be very much faster than reaction IV, so that the last term of this equation can be omitted. Hence the concentration of the free radicals will be given by
(S-) = {(XS)Zkrs(Ps)}/kf (M).
Adding to infinity the stationary state equations given above, then
Substituting the value of (8 -) reduces this expression to
/( /) = (Z^P,)}*.
Now the rate of reaction will be given by
Substituting the value of (S-) and considering the chains to be long when it is possible to neglect the first term, this will give I f the usual assumption th at the ratio of the coefficients is independent of the molecular size is made, then = K , and which will give the rate of reaction as )» and substituting the value of Zlcm(P8) in this gives the final result
I t will, therefore, be seen that, provided the chains are eventually broken by the mutual reaction, the overall rate of reaction is still proportional to the square root of the light intensity. The rate of polymerization was determined at temperatures ranging from 31 to 63° C, and gave the results shown in table 3.
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T a b l e 3. T h e e n e r g y o f a c t iv a t io n temperature rate E°K kcal./g.mol.
304-
4-45 4-55 4-28
These results indicate that the photopolymerization of vinyl acetate in ethyl acetate solution follows a course which is identical with that obtained in the case of the bulk polymerization of the monomer under the same conditions. In view of the fact that the structure of the solute and solvent are so similar this is not alto gether surprising. The results which have been given here tend to indicate that the fight responsible for the polymerization is absorbed completely within the reaction system, since otherwise the rate of reaction would have been proportional to some power of the monomer concentration greater than unity, as has been pointed out in a previous paper.
The rates obtained in this case are of the same order as those obtained in the polymerization of the pure monomer, so that it is unlikely that transfer can occur to any great extent. This is not wholly surprising, for the only method where.by transfer could occur would be by the removal of a hydrogen atom from the ethyl acetate which would be a relatively difficult matter. I t is well established that com pounds containing only carbon, hydrogen and oxygen are not efficient transferring agents. Thus it may be said that transfer, if it occurs at all, does not do so to any appreciable extent.
POLYMEklZATION IN tt-HEXANE SOLUTION
G. M. Burnett and H. W. Melville
The course of the photopolymerization of w-hexane solutions of vinyl acetate is shown in figure 2 . Almost immediately the light is switched on an opalescence is seen in the reaction tube and, as the time of radiation increases, a definite amount of polymer is formed on the walls and does not remain in suspension indefinitely. From figure 2 it will be seen that the rate of polymerization remains constant until a certain amount of polymer has been formed when the rate increases abruptly and continues to increase over a considerable period. The reason for this phenomenon will be discussed in detail later. After a further period the rate begins to fall off as would be expected from the decrease in the concentration of the monomer. Concentrations of monomer from 1*5 to 6g.mol./l. were used, and for purposes of comparison only the initial stages of the reaction were considered, i.e. up to about 5 % conversion of monomer. This removes any ambiguity whiqh might be attributed to the abnormal stage of the reaction. The results of the experiments are set out in table 4. From these figures it is obvious'that the reaction is again of first order with respect to the monomer concentration, a t least, during the initial stages of the reaction.
As before, the variation of the rate with the light intensity was measured by changing the intensity by means of perforated screens of known transmission, since the inception and extent of the gel stage of the reaction depends on the light intensity, as will be seen from figure 3, in which the upper curve is for high intensity. Here it is evident th a t the lowering of the molecular weight due to the high rate of initiation has effected the inception of the gel stage to some extent. This will be discussed in greater detail later. The results of the experiments are recorded in table 5. Again it will be seen th a t the rate of polymerization is proportional to the square root of the intensity of the absorbed radiation, since the intensity exponent is 0-50. This is not particularly surprising in view of the inert nature of the solvent. The variation of the rate of reaction with temperature was carried out over a considerable range of temperature and again only in the initial stages of the reaction. This is again absolutely necessary, since it is certain, as will be shown, that the abnormal stage in the reaction does depend on the temperature. The results are shown in table 6, while the usual logarithmic plot of the,results gives the energy of activation as -1-30 kcal./g.mol.
T a b l e 6 . T h e e n e r g y o f a c t iv a t io n in to-h e x a n e s o l u t io n tem perature rate log°K (arbitrary units) (relative rate) 302*6 1*61 0*086 309*0 1*63 0*065 320*0 1*43 0*033 333*1 1*32 0*000
The negative value of the energy of activation is of considerable interest. In gasphase polymerizations it is almost universally true that the overall energy of activation is negative. This case forms a parallel to the vapour-phase case in that the polymer, when formed, is precipitated, and hence the reaction must to a certain extent cease to be occurring wholly in the one phase. The solution case is relatively understandable, since the overall energy of activation must be made up of a large number of exp ( E /R T ) terms to cover the precipitation of the polymer, sorption of the monomer on the polymer, etc., as well as the usual terms for initiation, propagation and termination.
The molecular weight of the polymer formed in the initial stages of the reaction (up to 5 % polymerization) and for the almost completed reaction (90 %) were found viscosimetrieally using the value of K m in the Staudinger equation given by McDowell & Kenyon (1940) . These results are shown in table 7. This method of T a b l e 7. M o l e c u l a r w e ig h t o f p o l y m e r fr o m w-h e x a n e s o l u t io n intrinsic viscosity stage of reaction (in benzene) molecular weight before gel effect 0-297 11,400 after completion of reaction 0-405 15,500 determination of the molecular weights was adopted, since there was no need to know the value of the number average molecular weight, but merely to check that the effect was of the same nature as that found by Norrish & Smith. Since the low molecular weight polymer is still present in the final polymer, it is obvious that there must have been a considerable increase in the molecular weight of the polymer formed in the later stages of the reaction. If the Staudinger equation holds then it is easy to show that
" nm-ViPt
where rj1 and are the viscosities of the two fractions of concentrations cx and c2 respectively. If the concentration of the low molecular weight material is taken as 5 %, it is possible to obtain a somewhat crude estimate of the molecular weight of the final polymer formed. The value which is obtained by substituting the appro priate figures in the above equation is about 20,000. This shows a considerable increase over the value obtained in the earlier stages of the reaction. Hence it may be concluded that this is a real gel polymerization.
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Life time of the active particle in w-hexane
To obtain the life time of the active polymer in n-hexane the sector method, described in a previous paper, was used. The procedure had to be simplified some what on account of the complex natureof the reaction. I t is not possible, as previously, to vary the speed of the sector throughout a single run, but, as was pointed out, this is not necessary, nor, in this case, is it particularly desirable. I t will obviously be necessary to conduct complete runs with the sector running at a constant speed throughout, in order to arrive a t results which will explain the curves obtained in the gel stage of the polymerization. The sector was run at a speed to give a flash of light of 7-56 msec, duration-a value which is considerably less than the life time of the active particle-and at a speed corresponding to 140 msec., when a rate lower than the former Was. obtained. By interpolation on the graph for the theoretical function, a value for the absolute life time of the particle can be found. tim e (min.) Figure 4 shows the shape of the curves obtained. On account of the low light intensity the inception of the gel stage was naturally very rapid, but the curves are clearly enough defined to make the necessary calculations possible. It will be seen that in curve II, in which the sector was rotating slowly, the initial rate of polymerization is much less than in curve I, but eventually the two curves run parallel to one another. This obviously means that the value of the life time of the active polymer changes from somewhat less than 140 msec. to a value greater than this.
From the analysis given in the previous paper it is possible from these results to determine the life time of the active species and hence to compute the values of the kinetic coefficients of the reaction. The change in the initial rates of polymerization corresponds to a value of 81 msec, for the life time, and we estimate the life time at some stage in the gel reaction to be 170 msec. This is reasonable, since it is known that the life time will increase throughout this stage from the fact that it appears from the results to do so continuously. This means that the rates in the initial and final stages of the reaction should be in a ratio of the order of 1:4. This qualitatively fits the facts, but it still remains to calculate the coefficients of the propagation and termination reactions, kp and Jc( respectively. The rate of polymer be deduced from the contraction of the monomer during polymerization is 5*0 x 10_6g.mol. l.-1sec.-1, and the rate of initiation is 6*0 x 10_8g.mol.l.-1sec.-1. Applying Melville & Jones's (1940) approximate equation
where (P) is the concentration of the active particles and r is the life time, then (P) = 4*8 x 10~9g.mol./l.
The overall rate of polymerization will be given by the equation
which by substitution of the appropriate numbers gives a value of 7*0 x 102 for kp. In the same manner the value of kt is found to be 2*6 x 109 l.g.mol.
-1 sec.-1. Proceeding in the same way the values of the coefficients after the inception of the gel stage can be calculated. These results, together with those already published, are shown in table 8. In the catalytic polymerization of methyl methacrylate it was found that, even if the reaction was strictly isothermal, after a certain amount of polymerization the rate of conversion of the monomer increased rapidly. At the same time there was an increase in the degree of polymerization. As was explained before, because of the formal similarity between the reaction and the usual type of explosion reaction this has been termed the explosion stage, but to avoid unnecessary confusion in ideas, we have adopted the term gel polymerization. The increase in the degree of poly merization indicated quite clearly th a t the increase in the rate could not be due to an increase in the rate of initiation, since it is known th at this is accompanied by a decrease in the molecular weight. Also it is not easy to conceive how it is possible for the rate of the propagation to increase. Hence it appears to be possible th at the reaction step which is responsible for the increased rate is the termination process.
G. M. Burnett and H. W. Melville
The gel stage can be brought about very readily by the introduction of solvents. Norrish & Smith (1942) investigated this effect using a range of solvents which were both good and bad solvents for the polymer. They found th at the inception of the gel stage was earlier the poorer the solvent, and was most marked in the case in which the solvent acted as a precipitant for the polymer. Thus in solvents such as heptane the increase in rate set in very early, while in more efficient solvents more than 50 % conversion was required. The investigation was carried a stage further by Trommsdorff (1944) , who dissolved, m pure methyl methacrylate quantities of cellulose tripropionate. This had the effect of increasing the viscosity of the monomer and caused a much earlier appearance of the gel stage of the polymerization.
The inception and extent of the gel stage in the polymerization was found to depend on (a) the concentration of the catalyst and hence the rate of starting of fibains and the degree of polymerization, and ( the temperature. In the case of vinyl acetate photopolymerization in w-hexane solution, runs at different intensities showed that the higher the fight intensity the more delayed was the inception of the gel stage, as will be seen from figure 3. The raising of the temperature had the same effect, and a t sufficiently high temperatures the increased rate stage of the reaction could be eliminated altogether (figure 5). The increasing of the intensity of radiation (or of the catalyst concentration) will lead to a decrease in the degree of polymeriza tion, and so, in the case of the polymerization of the pure monomer, lead to a decrease in the viscosity of the reaction medium as would an increase in the temperature. Hence it is obvious that the viscosity of the medium must play an important part in the course of the reaction. In the case of solvents it is evident that the formation of a gel or the coiling of the molecule is the feature which will be of most importance .
The current theory due to Trommsdorff, Schulz and others is that the increase in the viscosity of the medium either in solution or in pure monomer will put consider able restriction on the motion of the growing polymer molecules. The result of this restriction is that the active ends are unable to make contact and so break the reaction chains. The rate of the diffusion of the monomer molecules to the active ends will not be seriously affected by the change in the medium, so that the number of collisions between the monomer and the active end will remain virtually un changed. Thus the propagation reaction is not seriously affected by the change in the medium. On the other hand, the lowering of the number of collisions between the Velocity coefficients fo r polym erization processes. I l l active ends will reduce the termination rate, so that both the increase in the rate and the degree of polymerization can be accounted for.
The degree to which the gel polymerization will be shown by monomers will depend on how sensitive the polymer is to the restriction in its motion. If the polymer is not abnormally kinked the active end will be subjected to severe restriction in motion even if the actual restriction is applied at a relatively remote point. With kinked polymers the effect will not be so great. This probably accounts for the fact that the phenomenon is so clearly marked in the case of the methyl methacrylate, in which it is known that the polymer is not severely kinked. In poor polymer solvents the polymer must be severely coiled so that it is most likely that a similar state of affairs will exist. The coiling of the molecule will prevent the active ends from coming into contact with the normal frequency, so that the rate of chain breaking will be reduced. From the results which were given in the previous section it is evident that the above theory is tenable. The value of the velocity coefficient for the propagation step is not changed to any measurable extent during the abnormal part of the reaction and is not very much different from the value obtained in the case of the bulk polymerization. On the other hand, the value of the termination coefficient falls considerably-in our case by a factor of about 5. This means that the rate of polymerization should have increased by a factor of the order of 2*3, since the rate is inversely proportional to the square root of the termination velocity coefficient. This is also verified from the results which have been obtained. Trommsdorflf, in his paper, applies this theory to explain the reason for the very high rates and degrees of polymerization encountered in the case of emulsion polymerization processes.
The value of the temperature coefficient in the reaction can be explained by the fact th a t as the temperature is increased the velocity of the reaction may also increase, but this is offset by the fact th a t the stiffness of the gel or the viscosity of the solution is lowered, thereby decreasing the velocity, which will be controlled primarily by the stiffness of the gel. This will mean th at the reaction will not be so temperature dependent as in the case of the bulk polymerization, and may, indeed, lead to a negative value of the temperature coefficient. The idea of the formation of a new phase having an effect on the course of the reaction is not new. As has been suggested, this must definitely happen in all vapour-phase polymerization processes, so th a t is is not wholly surprising th at in these reactions the value of the overall energy of activation is negative.
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